Indium oxynitride nanoparticles were synthesized on a silicon substrate in nitrogen atmosphere using the method involving thermal evaporation of pure indium in a two-zone reactor. Nanoscale compositional analysis by energy dispersion spectrum showed the existence of indium oxynitride compound. X-ray diffraction analysis further confirmed high crystallization and nitrogen atom existence within the nanoparticles. Scanning electron microscopy investigations showed shape transformation from amorphous sphere to well-shaped octahedron with an average nanoparticle size ranging from 50 nm to 1 m when the growth temperature of the substrate was increased from 600 to 900°C. Photoluminescence study was performed on the indium oxynitride nanoparticle samples grown at different temperatures. It was found that with increasing growth temperatures there was not only the formation of high quality indium oxynitride nanoparticles but also an increase in the intensities of emissions. These nanoparticles grown at 900°C could emit a strong photoluminescence spectrum centered around 700 nm with a broad full width at half maximum of about 250 nm, spanning the whole red segment.
I. INTRODUCTION
Transparent conducting oxides are widely used as key components of numerous display and photovoltaic technologies. Many studies of transparent conducting oxides focusing on the synthesis and characterization of structures have experienced a resurgent interest in the past few years. Among these materials, indium oxide, an n-type semiconductor with a wide band gap of about 3.6 eV, has been widely employed as microelectronic device material in architectural glasses, 1 solar cells, 2 sensors, 3 and flat-panel displays. 4 The great possibility in application attracts many researchers to work on this material and some forms of indium oxide, such as films, 5 powders, 6 and nanowires, 7 have been obtained. Recently, Yi et al. have grown the polycrystalline InN 1−x O x film by the reactive radio frequency magnetron sputtering on Corning 1737 glass substrates. 8 Contrary to the indium oxide, the syntheses and optical properties of the indium oxynitride have not been studied in detail. In general, ammonia gas was used as the source of nitrides in the chemical vapor deposition ͑CVD͒ method. But ammonia and oxygen mixture would cause an explosion at elevated temperature over 700°C. On the other hand, it is well known that nitrogen with low activity is hard to dissociate by increasing temperature without any assisting method. Therefore, it is difficult to select an appropriate nitrogen atom precursor in preparation of high quality oxynitrides without assisting methods. In this article, we used nitrogen instead of ammonia to synthesize the indium oxynitride nanoparticles on a silicon substrate by using a two-zone CVD technique. Since pyrolysis temperature of nitrogen was greater than 700°C, 9 this technique allowed us to break nitrogen molecules at a high temperature zone ͑900°C͒ and to facilitate the nanoparticle growth in the other downstream zone. In other words, we can adjust the growth temperature to obtain the different dissociation rates of nitrogen in the two-zone CVD reactor. Well-shape octahedron nanoparticles with high crystal quality were observed using this method. In addition, the nanoparticles emitted a broad and strong orange photoluminescence that was different from indium oxide films and powders emitting in bluegreen segment. Furthermore, a new red photoluminescence emission band was observed as the growth time was adjusted.
II. EXPERIMENTS
The experimental setup for synthesis of indium oxynitride nanoparticles is depicted schematically in Fig. 1 . The starting material, 3 g indium metal, was placed in a quartz boat located inside an 8 cm diameter quartz tube reactor, referred to as zone 1 with the temperature setting as T 1 . p-type silicon ͑100͒ substrates were placed at the downstream of the tube reactor separated from the starting material by 20 cm, which was referred to as zone 2 with the temperature setting as T 2 . The quartz tube was degassed by a mechanical pump down to 10 −2 torr and then purged with the nitrogen flow of 150 SCCM ͑cubic centimeter per minute at STP͒ as the source of nitrogen atoms. During the growth process, we fixed T 1 to be 900°C to promote pyrolysis of nitrogen molecules and the indium metal. T 2 in zone 2 was adjusted from 600 to 900°C. The typical reaction time was about 30 min. The dependence of the reaction time has also been examined and adjusted to 150 min for T 2 = 900°C. The synthesized nanoparticles on Si substrates were unloaded after the reactor was cooled down. The morphologies and composition of the a͒ Electronic mail: tsko.eo93g@nctu.edu.tw as-grown samples were characterized by field emission scanning electron microscopy ͑SEM, JEOL 6500F͒ and energy dispersive x-ray spectrometry ͑EDS͒. The structure analysis was also performed by the x-ray diffraction ͑XRD͒ measurement with Cu K␣ radiation. Photoluminescence ͑PL͒ spectra were measured at room temperature by means of TRIAX-320 spectrometer using a 25 mW He-Cd laser with the emission wavelength of 325 nm as the excitation source.
III. RESULTS AND DISCUSSION
A typical SEM image of indium oxynitride nanoparticles with well-shape octahedron grown on a Si substrate is shown in Fig. 2͑a͒ . This image shows that the dimensions of these nanoparticles with well-shaped octahedron range from 500 to 1000 nm, which could relate to the unstable atmosphere and temperature distribution in the reactor. The morphology of nanoparticles is similar to that of the indium oxide nanoparticles reported by Zhang et al. 10 As shown in Fig.  2͑b͒ , EDS measurement performed on the nanoparticles indicated that the main composition of these nanoparticles was indium. Oxygen and nitrogen could also be identified in the EDS result. However, EDS did not detect nitrogen from the sample grown without placing starting material indium, which indicated that nitrogen atom did not react with Si substrates. Therefore, the formation of indium oxynitride nanoparticles was confirmed by the EDS result.
The typical XRD pattern of the indium oxynitride nanoparticles is shown in Fig. 3 . The sharp and symmetric peak at ͑222͒ plane implied the crystallization in the indium oxynitride was superior and rather than polycrystalline. All the diffraction peaks could be indexed to a pure cubic phase structure with a lattice constant of a = 0.995 nm in spite of a little nitrogen incorporation, which was slightly different from the literature value of indium oxide with lattice constant a = 1.011 nm ͑JCPDS 71-2195͒. The ͑222͒, ͑400͒, and ͑411͒ peaks for indium oxide from the standard value ͑JCPDS 71-2195͒ are 30.585°, 35.462°, and 37.692°, respectively. Our XRD result showed the ͑222͒, ͑400͒, and ͑411͒ peaks shifted to 31.121°, 35.465°, and 38.195°, which was reasonable when the smaller nitrogen atoms replaced the oxygen atom. Therefore, the lattice constant of indium oxynitride was smaller than the standard value of indium oxide. The XRD results indicated that incorporation of nitrogen was consistent with the EDS analysis. The relatively strong ͑222͒ diffraction peak suggested that most crystals were characterized as a ͑222͒ plane parallel to the silicon substrate.
In our growth condition, there were a great deal of indium oxynitride octahedral nanoparticles found in the downstream when In chunks were heated at 900°C. The low evaporation pressure of indium even at the high temperature has the ad- vantages of one-dimensional nanomaterial growth as reported by Zhang et al. 11 Since no catalyst on Si substrates was used, we suggested that growth of indium oxynitride octahedrons might be due to the vapor-solid ͑VS͒ mechanism. Indium vapor was generated at high temperature and combined with oxygen and nitrogen atoms to form special shaped indium oxynitride and then deposited on the Si substrates at zone 2.
Figures 4͑a͒-4͑d͒ show the indium oxynitride nanoparticles grown at different temperatures of zone 2 from 600 to 900°C, respectively. The average size of the nanoparticles gradually increased from 50 nm to 1 m. The transformation from amorphous to well-shape octahedron with increasing growth temperature can be observed clearly. In addition, the amount of nanoparticles increased and aggregated closer and closer. Two aspects could be considered. First, the indium vapor from zone 1 could gain high thermal energy at 900°C to bind with oxygen and nitrogen. Then, the formed indium oxynitride deposited on the Si substrates in zone 2. Second, the shape transformation implied that the effect of annealing was notable at the higher growth temperature. In general, crystal structure repair and ion activation often take place during the annealing process. In other words, most defects will be pruned and the quality will be improved after annealing. Therefore, we suggested that the crystal growth and repair occurred at the same time. The photoluminescence spectrum of the indium oxynitride nanoparticles with different growth temperatures was measured at room temperature. Figure 5 shows the strong and broad PL emission spectra from the indium oxynitride nanoparticles with different growth temperatures, which are mainly located in the orange color band with the peak wavelength centered around 610 nm. The emission intensity increased when the samples were grown with increasing temperature, which also suggested that the higher quality indium oxynitride nanoparticles formed at higher temperature.
Moreover, the influence of extending the growth time from 30 to 150 min was investigated when T 1 and T 2 were both at 900°C. Figure 6 shows the PL spectrum from the indium oxynitride nanoparticles when the growth time was extended to 150 min. A broad PL emission band centered around 700 nm was found with a full width at half maximum ͑FWHM͒ of about 250 nm, spanning the whole red segment. The broad FWHM of the PL spectrum could be due to the thermal excitations and the large size distribution of the nanoparticles. Nitrogen flow was found to be very important to grow nanomaterials in this CVD system. Carrier gas frequently affected the morphology and quality of products in similar experiments. However, how the flow affects the morphology in the present work needs further study. In the previous investigations, Zhou et al. had reported PL peaks at 480 and 520 nm observed from indium oxide nanoparticles, 12 and Lee et al. had reported PL peak at 637 nm observed from indium oxide film. 5 According to these reports, the emission mechanism was mainly attributed to the effect of the oxygen vacancies. As a result, gradually increasing temperature could make the oxygen vacancies decrease, and decrease the intensity of PL emission. However, the intensity of the PL emission in these indium oxynitride nanoparticles was increased as the growth temperature was increased. Therefore, the emission did not result from the radioactive recombination of a photoexcited hole with an electron occupying the oxygen vacancies. The possibility of the observed PL arising from a quantum confinement effect could be also excluded because the exciton Bohr diameter for the indium oxide was estimated to be in the range between 2.6 and 5 nm, 12 which was far smaller than the dimension of these indium oxynitride nanoparticles. To conclude the above contentions, the photon could be emitted by the transition of an excited carrier from the conduction band to the valence band of indium oxynitride nanoparticles along a radiative recombination path. Contrary to the result in Fig. 5 , not only the FWHM increased but also the center peak redshifted about 100 nm. The inset figure reveals the SEM image of nanoparticles grown for 150 min. The well-shape octahedron held but the reduced size of nanoparticles to about 300-500 nm could be due to the part dissociation of indium oxynitride causing the slight increase of the N / O ratio of these indium oxynitride nanoparticles when extending the growth time.
IV. CONCLUSION
We have synthesized indium oxynitride nanoparticles by using a thermal evaporation method in a two-zone reactor. EDS and XRD analysis results confirmed the composition and the crystal form of the indium oxynitride compound. SEM investigations showed shape transformation from amorphous sphere to well-shaped octahedron with an average nanoparticle size from 50 nm to 1 m when the growth temperature increased from 600 to 900°C. The room temperature PL spectra of the nanoparticles with different growth temperatures showed light emission in the orange band, which might be related to the band-to-band transition. The PL spectrum could be further stretched to 700 nm with a broad FWHM of about 250 nm, spanning the whole red segment when the indium oxynitride was grown for extended time. The PL results indicated that indium oxynitride nanoparticles have potentials in developing the red phosphor system for lamp applications.
